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Detecting and understanding disturbance is a challenge in ecology that has grown more critical with global environmental change and the 
emergence of research on social–ecological systems. We identify three areas of research need: developing a flexible framework that incorporates 
feedback loops between social and ecological systems, anticipating whether a disturbance will change vulnerability to other environmental drivers, 
and incorporating changes in system sensitivity to disturbance in the face of global changes in environmental drivers. In the present article, we 
review how discoveries from the US Long Term Ecological Research (LTER) Network have influenced theoretical paradigms in disturbance 
ecology, and we refine a framework for describing social–ecological disturbance that addresses these three challenges. By operationalizing this 
framework for seven LTER sites spanning distinct biomes, we show how disturbance can maintain or alter ecosystem state, drive spatial patterns 
at landscape scales, influence social–ecological interactions, and cause divergent outcomes depending on other environmental changes.
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Ecologists have long recognized that disturbances   
 can drive ecological system dynamics (Pickett and 

White 1985, Peters et  al. 2011, Grimm et  al. 2017). As a 
result, disturbance, defined as “any relatively discrete event 
in time that disrupts ecosystem, community, or population 
structure and changes resources, substrate availability, or the 
physical environment” (Pickett and White 1985), is a familiar 
component of explanatory and predictive models in ecology 
(e.g., Lucash et al. 2018). However, several challenges remain 
for the ecological study of disturbance. First, the general 
definition above requires detailed specification to translate 
to particular models and experiments. Specifying distur-
bance processes in nature is difficult because responses to 
disturbance events occur across interacting levels of ecologi-
cal organization and at varying spatial and temporal scales 
(Pickett et  al. 1999). Deriving theoretical and empirical 
generality from such complex processes can be aided by 
flexible conceptual frameworks that detail process elements 
and their connections. Second, the term disturbance is often 
associated with negative ecological responses or events 
that increase vulnerability to other global change drivers, 
particularly in human-dominated ecosystems. Disturbance 
can reduce ecosystem vulnerability to other environmen-
tal changes through information and material legacies 

(Johnstone et al. 2016), which is modifying how resilience is 
conceptualized in disturbance ecology. Understanding how 
or why disturbances might enhance or reduce ecosystem 
vulnerability is an important area of inquiry as ecosystems 
are faced with rapid-paced environmental changes. Third, 
because disturbance is the interaction between an event and 
a particular ecological system, the effect of a disturbance 
can be modified as systems and their environments change 
(i.e., feedback loops). Feedback loops between these sys-
tem components—event and ecosystem—are important. To 
document and understand event–ecosystem feedback loops 
requires persistent research to quantify changes in type, 
intensity, or frequency of drivers of disturbance as well as 
temporal changes in the sensitivity of systems to disturbance 
(Ratajczak et al. 2018). Across many ecosystems, the drivers 
of disturbance and the resilience or resistance of systems 
to disturbance are shifting or projected to shift because 
of global change (e.g., Dale et  al. 2001, Turner et  al. 2016, 
Ummenhofer and Meehl 2017). Fluctuations and directional 
changes in climate and atmospheric chemistry, and the 
extent and intensity of urbanization, agriculture, or other 
resource uses suggest that addressing the three challenges of 
studying disturbance will be increasingly necessary to guide 
expectations of how ecosystems may change in the future 
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(Franklin et  al. 2016) and to manage for resilience (Sasaki 
et al. 2015).

Long-term ecological research (LTER) is uniquely posi-
tioned to address the three challenges of disturbance ecology 
(Likens 1989). Long-term studies can capture spatiotempo-
ral variability in ecosystem dynamics at many scales, can 
measure the effects of potentially multiple disturbances on 
that variability, and can observe infrequent events. Long-
term studies also often unite field observations, manipula-
tive experiments, historical reconstruction, modeling, and 
cross-site comparisons to inform mechanisms of social–
ecological response to disturbance (Turner et  al. 2003). 
The US Long Term Ecological Research Network currently 
consists of 28 sites representing a wide variety of ecosys-
tems, including temperate and tropical forests; grasslands, 
shrublands, and deserts; alpine, arctic, and Antarctic ecosys-
tems; freshwater lakes and streams; urban ecosystems; and 
coastal and marine ecosystems. This distributed network 
of place-based, long-term studies allows for comparisons 
of disturbance types and ecological responses to promote a 
general understanding of disturbance and its outcomes (e.g., 
Boose et al. 1994, Gholz et al. 2016, Kranabetter et al. 2016). 
The US LTER Network has contributed to the development 
of disturbance ecology theory as a tool for comparing long-
term dynamics across different ecosystem types exposed to a 
variety of disturbance types (Peters et al. 2011, Grimm et al. 
2017). However, a common framework is needed to guide 
interpretation of disturbance as a process across diverse eco-
systems and disturbance types.

This article approaches the aforementioned challenges 
by three paths. First, we review recent developments in 
the literature examining how LTER research, both within 
and among research sites, has advanced the understanding 
of disturbance as a process. Second, building on existing 
disturbance frameworks (Peters et  al. 2011, Grimm et  al. 
2017), we articulate a refined theoretical social–ecological 
framework that explicitly links interactions among social 
and ecological responses and their feedback loops to dis-
turbance. Such a framework for understanding complex, 
path-dependent, and layered disturbances is an important 
step toward improving the study of disturbance and the 
comparison of disturbance across systems. Third, build-
ing on the earlier review by Turner and colleagues (2003), 
we apply this framework to seven LTER sites representing 
diverse social–ecological ecosystems to provide insights on 
how disturbance modifies and is influenced by dynamic 
interactions between social and ecological responses occur-
ring over decadal or longer timescales.

Long-term ecological research: Synthesis of social–

ecological disturbance

Despite a recognition that disturbance plays an important 
role in the long-term dynamics of ecosystems, we lack a the-
oretical framework to guide expectations for how individual 
and cumulative disturbance events and types interact to pro-
duce observed patterns and processes in social–ecological 

systems. Turner (2010) synthesized research on disturbance 
with an emphasis on fundamental contributions to con-
temporary theory in landscape and ecosystem ecology. Her 
analysis pointed out knowledge gaps that could be addressed 
through long-term ecological research, including the need 
to quantify the role of disturbance in catalyzing rapid eco-
logical change, evaluate if and how multiple disturbances 
interact synergistically or antagonistically through time, 
address relationships between disturbance and society, and 
determine the role of feedback loops among disturbance 
and other global drivers of environmental change. This last 
recommendation is particularly pressing, because global 
change is creating new spatial patterns, novel trajectories of 
ecosystem change (Kominoski et al. 2018), and interactions 
among environmental drivers that lead to altered distur-
bance regimes (Johnstone et  al. 2016, Ummenhofer and 
Meehl 2017, Peters et al. 2018).

A conceptual framework that depicts responses of social 
and ecological systems to disturbance, and their interactions 
and feedback loops to disturbance drivers may guide inter-
pretation of the process of disturbance in ways that address 
these four recommendations for advancing disturbance 
theory. We focused on long-term observational and experi-
mental research because of its potential to generate data on 
ecosystem processes occurring on multiple timescales that 
capture changing drivers of variability and trajectories of 
ecosystem change, including nonlinear or abrupt responses 
to disturbance (e.g., Bestelmeyer et  al. 2011, Kominoski 
et  al. 2018, Ratajczak et  al. 2018). Moreover, long-term 
ecological studies can uniquely address how disturbance 
events may have different consequences depending on 
prior conditions and legacies (Moorhead et al. 1999, Foster 
et  al. 2003, Kulakowski et  al. 2013, Johnstone et  al. 2016). 
Long-term studies of disturbance provided insight into the 
effects of events that operate on shorter (pulse) and longer 
(press) timescales (Collins et al. 2011), and how disturbance 
legacies integrate spatiotemporal scales (Pickett et al. 1999), 
driving the direction and magnitude of change in ecological 
systems (Grimm and Fisher 1989). In addition to driving 
integrative place-based research, long-term collection of 
core data sets across diverse ecosystems enables synthesis 
of disturbance via cross-site comparisons of disturbance 
effects on structural and functional changes that support 
ecosystem services, how disturbance events propagate dif-
ferently through hierarchical levels of ecological organiza-
tion (Pickett et  al. 1989), and the effects of disturbance 
events as a function of existing system properties (e.g., 
physical structure, biological productivity, extent of land 
use change), and the connectivity of system properties to 
one another (e.g., biological sensitivity to abiotic change, 
ecosystem service dependency). Long-term, place-based 
data provide important insight into the disturbance process 
particularly when coupled with large-scale experimental 
manipulations of disturbance (Knapp et al. 2012) and sub-
sequent recovery (e.g., McGlathery et  al. 2012). The need 
to advance studies of human interactions with nonlinear 
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disturbance processes brought social–ecological systems 
to the forefront and the addition in 1988 of agricultural 
(Kellogg Biological Station) and in 1997 of urban (Baltimore 
Ecosystem Study and Central Arizona–Phoenix) research 
sites. These and several other LTER sites have expanded the 
LTER mission to address land-use and land-cover change 
and human–environment interactions (Collins et al. 2011), 
and the subsequent research has broadened our understand-
ing of social–ecological feedback loops to disturbance.

Because of this dedication to data collection across 
common core areas, the US LTER Network has generated 
numerous data sets that capture disturbance and distur-
bance interactions across multiple spatiotemporal scales. 
A 2019 literature review identified 457 LTER publications 
to date (2019) that include disturbance in the title, and 78 
of these describe data or observations from more than one 
site. The number of publications about disturbance has been 
increasing through the mid-2000s (figure 1). Well-known 
examples of long-term research on disturbance include the 
influence of nonnative aquatic species on long-term ecologi-
cal dynamics in north temperate lakes, the interactions of 
multiple hurricanes on the landscape dynamics of tropical 
forests in Puerto Rico, and vulnerability of prairies to future 
disturbances across spatial scales of prior disturbances 
(Turner et  al. 2003). These studies highlight the potential 
for long-term core data sets to inform how disturbance 
regulates ecosystem dynamics across a wide variety of eco-
system types, particularly by providing data on long-term 
spatiotemporal variability before and after disturbance. 

These studies also underscore the need for much longer time 
series to capture the outcome of multiple, potentially inter-
acting disturbance events that occur on different spatial and 
temporal scales, and call into question the utility of defining 
a predisturbance or baseline condition suggestive of equilib-
rium. Although unexpected phenomena, novel events, and 
ecological surprises remain a serious challenge to ecological 
prediction (Likens 1989, Lindenmayer et  al. 2010, Dodds 
et al. 2012), improved quantitative and mechanistic under-
standing of multiple disturbance events and their interac-
tions across multiple scales may increase the accuracy of 
ecological forecast models and their successful application 
to management strategies (Dale et al. 1998).

Peters and colleagues (2011) recognized the need for 
a common framework to drive synthesis of disturbance 
dynamics across long-term research programs. They devel-
oped a conceptual framework that depicts disturbance as 
a process that includes interactions among disturbance 
drivers, initial system components, and the physical and 
biological mechanisms of disturbance effects. This frame-
work acknowledges interactions among abiotic and biotic 
ecosystem components across spatial scales, and the influ-
ence of prior disturbance legacies (Pickett et al. 1999, Pickett 
and Cadenasso 2009). The discreteness of an event could be 
defined on the basis of the onset, duration, or release of a 
driver, or the time over which a mechanism operates rela-
tive to the lifespan of key organisms. The quantification of 
disruption requires an appropriate model or reference state, 
which is often elusive when disturbances interact at rela-
tively short return intervals. Finally, Peters and colleagues 
(2011) challenged future research to use this strategy of 
disaggregating disturbance types into measurable drivers, 
mechanisms, and initial system properties to understand 
how global change is altering disturbance effects, to guide 
more informative and generalizable experimental manipu-
lations across sites, and to incorporate the role of human 
actions and decisions on managing vulnerability to distur-
bance. The incorporation of human dimensions research 
into the US LTER Network has advanced understanding of 
the relevance of disturbance to both ecology and society, and 
therefore requires an expansion of the Peters and colleagues 
(2011) theoretical framework. This expansion is the primary 
goal of our article.

A refined conceptual framework of social–ecological 

disturbance

In studying social dimensions of disturbance, ecologists 
have moved beyond the tendencies to characterize humans 
solely as agents of disturbance (e.g., via land-use land cover 
change, hydrologic changes) and to narrowly define dis-
turbed ecosystems as those dominated by humans. Instead, 
the field is increasingly recognizing the human ecosystem as 
an organizing concept (Machlis et al. 1997) and that people 
are important components responding to, interacting with, 
and influencing disturbance processes in many ecosystems 
(McDonnell and Pickett 1993). To advance disturbance 
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Figure 1. Number of publications about disturbance each 

year from 1982 to 2018 listed in the publication database of 

the U.S. Long Term Ecological Research Network.
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ecology theory for social–ecological systems, In the present 
article, we conceptualize the role of humans as both driv-
ers of and responders to long-term disturbance dynamics. 
If disturbance theory is to help address the changes of the 
Anthropocene (Newman 2019), such refinement is urgently 
needed.

The US LTER Network arrived at this cultural shift in 
the mid-1990s and began to integrate human dimensions 
into long-term studies by incorporating ecosystem services, 
planning and design, governance, and human preferences 
into strategic documents and publications (see Collins et al. 
2011). Indeed, 20 years ago, Pickett and colleagues (1997) 
endorsed the study of human-dominated ecosystems by 
integrating humans into ecological research in human-occu-
pied areas. This conceptual advance stood on the shoulders 
of research in European urban ecology (Sukopp 1990) and 
early dialogue on humans as components of the ecosystems 
that they inhabit (McDonnell and Pickett 1993). Grimm 
and colleagues (2017) put forward a general conceptual 
framework for disturbance in urban social–ecological–tech-
nological systems, that built on the Peters and colleagues 
(2011) framework, to understand disturbance as a process 
rather than as a discrete event, by involving the disturbance 
event, its effects, and the system response. In their synthesis, 
Grimm and colleagues (2017) suggested that a contemporary 
conceptualization of disturbance should include quantifica-
tion of structural disruption, characterized by effects relative 
to an explicit definition of system boundaries, composition, 
and interactions; the intensity or magnitude, spatial extent, 
duration, and timing; and the spatiotemporal pattern of 
disturbance regimes (to embrace interactions and legacies 
of multiple disturbances). By disaggregating the social, 
ecological, and technical (SET) aspects of the disturbance 
process, their framework allows any driver to be an agent of 
disturbance to a dynamic—but bounded—SET system. This 
avoids conflating urban with disturbance.

To further integrate the human dimensions of disturbance 
into our conceptualization of social–ecological systems, we 
refined the Grimm and colleagues (2017) framework by 
adding both intentional and unconscious feedback loops 
manifesting in changes to laws, policies, values, and behav-
iors, which in turn affect the ecosystem template affecting 
future disturbance. We also include a model reset and reca-
libration to capture the temporal (sometimes cyclical) nature 
of disturbance and system response (figure 2). Importantly, 
this recalibration does not imply that the system returns 
to the state it occupied prior to the disturbance (i.e., equi-
librium), but rather that the next disturbance operates on 
the properties of the system that may include legacies of 
the prior disturbance as well as other ongoing changes (a 
nonequilibrium model). The human dimension compo-
nents interact with each other (figure 2, upper right), with 
disturbance event drivers and system properties (left panel), 
with internal processes and drivers of disturbance processes 
(center panel), and with the new state of the system (lower 
right), through consequences that may be either intended 

or unintended. Our refinement of the Grimm and col-
leagues (2017) framework retains their process-based fram-
ing, incorporates human dimensions, feedback loops, and 
nonequilibrium dynamics that allow the transition to new 
system states, and finally, subdivides the general processes 
into more specific types, emphasizing social–ecological sys-
tem components (Childers et al. 2014).

To understand the consequences, legacies, and feedback 
loops of disturbance relevant in coupled social–ecological 
systems (e.g., management activities, economic disrup-
tion), they must be dissected and closely examined. For 
example, land cover conversion (e.g., from forest to farm-
land) is intentional, but many of its consequences are unin-
tentional (e.g., erosion and downstream eutrophication) 
with long-term legacies for biophysical (e.g., water qual-
ity, food webs) and human (e.g., governance, economic) 
dimensions (supplemental table  S1). The consequences 
of agricultural activities have led to the creation of new 
government agencies, research programs, and policies 
intended to reduce the detrimental effects of agriculture 
on water quality. Similarly, urban development processes 
have intentionally resulted in economically productive 
urban hubs, whereas unexpected disruptions to urbaniza-
tion have resulted in unintended consequences for urban 
biodiversity (supplemental table S1). Studies of beaver 
overharvesting and the expansion of nonnative Asian carp 
across the United States elucidate similar insights into the 
coupled consequences of disturbance to both social and 
ecological systems. The more we recognize that social and 
ecological systems are inextricably linked, the more critical 
the need becomes for disturbance studies to examine the 
role of humans as both agents of and subjects of distur-
bance legacies and feedback loops.

Application of our framework to LTER sites

In the present article, we apply our new conceptual frame-
work to seven sites in the US LTER Network, characterized 
by a wide range of disturbance types and levels of human 
intervention (figure 3) to evaluate the utility of the frame-
work for advancing knowledge of disturbance effects and 
interactions, and social–ecological feedback loops. These 
sites include temperate coniferous forest, urban, subtropical 
coastal wetland, temperate deciduous forest, desert grass-
land, temperate kelp forest, and temperate barrier island 
ecosystems. Below, we provide a detailed interpretation of 
a process-focused example of disturbance at each site, using 
our conceptual framework (figure 2) as a guide; each case 
study begins with a description of system properties and 
disturbance drivers, types, and mechanisms (disturbance 
event, green box), followed by a description of the distur-
bance effect and processes of recovery and reorganization 
 (disturbance process, blue boxes), followed by a description 
of human dimensions (gray box), including social– ecological 
feedback loops (dotted arrows) and recalibration or recovery 
(red arrow) to a new or former state. After describing the 
disturbance process for each case study, we synthesize our 
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findings across the four areas of research needs that were 
recommended by Turner (2010).

Temperate coniferous forest: Andrews Forest. In the Andrews 
Forest, and the surrounding western Cascade Mountains 
of Oregon, broadscale vegetation patterns have been 
shaped by multicentury cycles of fire disturbances in 
forest landscapes (supplemental figure S1; Morrison and 
Swanson 1990, Rasmussen and Ripple 1998, Weisberg 
and Swanson 2003, Zald et al. 2016) in conjunction with 
more recent timber harvesting activities. Fire severity, 
extent, and timing are determined by source of ignition 
(nonanthropogenic or anthropogenic), weather, fuels, and 
topography. In addition, fuels vary with environmental 

gradients determining productivity and successional sta-
tus, such as elevation, aspect, soils, landform, and his-
tory of other disturbances at the Andrews Forest, such 
as wind (Harmon and Pabst 2019), debris flows (Bigelow 
et  al. 2007), and flooding (Johnson et  al. 2000). Spatial 
heterogeneity in fire heat generation and combustion lead 
to spatial variation in tree survival, dead wood retention, 
and vegetation regeneration (Freund et  al. 2014, Tepley 
et al. 2014, 2017). Disturbance recovery is then dominated 
by multiple successional pathways arising from stand-
replacing and non–stand-replacing fires (Tepley et  al. 
2013), which contribute to both immediate and long-term 
landscape variability in structure and composition after 
fires (e.g., Brown et al. 2013).

Figure 2. Conceptual framework for guiding long-term research on disturbance, and for describing links between 

disturbance events, their effects, and recovery trajectories (modified from Grimm et al. 2017). New elements include the 

explicit highlight of the human dimensions of disturbance (gray box) and their feedback loops (including intended or 

unintended consequences, dotted blue lines) and the effect of legacies of past disturbance or ongoing change on the next 

disturbance event and process (red lines).
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Figure 3. (a) Map of the seven US LTER sites highlighted in this article, all subject to multiple interacting disturbances that 

include human dimensions of change. (b) Percentage of the landscape effected by major disturbances in the Andrews Forest 

(AND) including fire (1492–1952; Teensma 1987) and timber harvesting (1945–1995; Seidl et al. 2014). (c) Timeline of 

foreclosures and home values from Central Arizona–Phoenix (CAP) showing the effect of the 2008 Great Recession on the 

Phoenix Metro Area (note that foreclosures peaked about 2 years before 2008, whereas the precipitous decline in home values 

began in late 2010). (d) History of major disturbances in the Florida Coastal Everglades (FCE) from 2000 to 2017, including the 

long-term increase in sea level (y-axis) punctuated by tropical cyclones, severe to extreme droughts (Palmer Index) and floods, 

cold spells (defined by extreme magnitude and duration, Boucek and Rehage 2014), and major shifts in managed freshwater 

flows into the FCE domain. (e) The long-term record of stream nitrate concentrations at the Hubbard Brook (HBR), showing the 

effect of soil frost and ice storm disturbances over water years (beginning June 1). These disturbances are taking place against 

a background of declining nitrate export or nitrogen oligotrophication that alters ecosystem response to disturbance. In the 

later stages of this record, soil frost events and experimental ice storms have produced very small, or undetectable responses in 

stream nitrate (Campbell et al. 2019). (f) History of production dependence on agriculture and nonagricultural production in 

the Chihuahaun Desert grasslands and shrublands of the Jornada (JRN), characterized by a history of droughts (with a 40–50-

year return interval) and shifts toward woody plant dominance during periods of aridity (Fredrickson et al. 1998) with modern 

levels of managed grazing that began in the 1980s (Peters et al. 2015). (g) History of major disturbances to giant kelp from 1982 

to 2018 at the Santa Barbara Coastal (SBC) ecosystem (Bell et al. 2017), including strong El Niño periods (Multivariate ENSO 

Index [MEI] ≥ 2; Wolter and Timlin 2011), large wave events (maximum significant wave height, Hs, anomaly of at least 1 

meter; Reed et al. 2016), and periods of anomalously warm water (sea surface temperature [SST] anomaly of at least 2 degrees 

Celsius; Reed et al. 2016). Asterisks indicate extreme El Niño (MEI ≥ 3), waves (Hs anomaly of at least 2 meters), and warm 

water (SST anomaly of at least 3 degrees Celsius). (h) History of sea level anomalies, and storms (tropical storms, hurricanes, 

and northeasters) influencing the Virginia Coast Reserve (VCR) since the 1980s.
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Immediate and long-term effects of fire on landscape 
heterogeneity in structure and composition in the western 
Cascades Mountains interacted with societal needs and 
values to set the context for forest management and gover-
nance, especially on public lands. Disturbance regimes have 
changed through time as fire suppression largely removed 
wildfire from the landscape, followed by periods of dis-
persed patch clear-cutting (1950–1990) leading to declining 
prevalence of old-growth forests, and later thinning opera-
tions in harvested patches following the 1994 Northwest 
Forest Plan, which prioritized old-growth conservation 
(Davis et al. 2015, Harris 2018). Regional assessments of for-
est structure and restoration needs (DeMeo et al. 2018) and 
the record of fire and harvesting disturbance at the Andrews 
Forest (figure 3b) indicate that area disturbed by timber 
harvesting is comparable to historical fire. However, the 
increasing area burned by fire in the western United States 
(Westerling et  al. 2006) during recent decades, including 
wet productive forests of the Pacific Northwest (Reilly et al. 
2017, Davis et al. 2017), drives concerns about the economic 
and societal risk of future wildfire. Resulting forest manage-
ment activities (e.g., fire suppression, timber harvesting, and 
postfire salvage logging and planting) influence fire severity 
and recovery, with higher severity fire sometimes associated 
with younger forests (e.g., Zald and Dunn 2018). It has been 
suggested that the development of landscape management 
plans based partially on historical fire regimes could play a 
role in reducing risks to native species and ecological pro-
cesses (Cissel et al. 1999), but it is unclear whether sufficient 
social license and economic capacity exist to support pro-
posed management activities (Spies et al. 2010). Therefore, 
the process of recalibration to a new state or recovery to the 
prefire state depends on the amount of time since the fire, 
the prevalence and pattern of fire severity, and the manage-
ment feedback loops, because they alter fuel characteristics 
and the resistance and resilience to the next fire (sensu Seidl 
et al. 2014).

Urban ecosystem: Central Arizona–Phoenix. The 2008 Great 
Recession and the accompanying housing market crash 
was a major social–ecological and economic disturbance to 
many residential areas in Central Arizona–Phoenix (supple-
mental figure S2). Many homes and other properties were 
abandoned because of rapid and dramatic declines in prop-
erty values, mortgage foreclosures, and cessation of ongoing 
suburban development. In Phoenix, when yards are no lon-
ger being maintained with supplemental watering, plantings, 
and other care, rapid changes in plant community composi-
tion take place (Ripplinger et al. 2016). In desert cities, plant 
communities are water limited, and without supplemental 
watering, they may become depauperate as opposed to 
becoming overgrown with nonnative vegetation. Over the 
short term, the community shift associated with abandon-
ment included a pulse of mostly native annual plants (e.g., 
weeds), whereas, in the long term, perennials were effec-
tively replaced by annuals with low water requirements.

At the regional level, the loss of yard management trans-
formed the effected neighborhoods from clusters of designed 
and managed yards to fallow, unmaintained landscapes. 
In some neighborhoods, a majority of the properties were 
vacated by force or abandoned in a short period of time. This 
set up a positive feedback of neighborhood neglect, where 
property values dropped even more rapidly as more homes 
and parcels became neglected and neighborhood social 
cohesion disappeared (Ripplinger et al. 2017). These human 
dimensions of disturbance then fed back to slow neighbor-
hood recovery and reorganization or even encourage further 
abandonment and neighborhood decay. Once this positive 
feedback cycle was broken, the neighborhoods experienced 
gradual recovery of housing quality and real estate value. 
This return to prerecession landscape management levels is 
crucial for maintaining the relatively high levels of biodiver-
sity in a desert city, and a healthy housing market is critical 
to larger economic recovery (Hope et al. 2003, Martin et al. 
2004, Kinzig et al. 2005, Larson et al. 2009).

Subtropical coastal wetland: Florida coastal Everglades. The 
Everglades contains a mosaic of freshwater-to-marine coastal 
wetlands whose distribution on the landscape is shifting 
because of a changing balance of freshwater delivery and 
climate change (Childers et al. 2019). Decades of freshwater 
diversion and rapid sea-level rise have accelerated the expan-
sion of coastal mangrove forests into freshwater marshes 
(Yao and Liu 2017). Where mangroves have not invaded 
freshwater marshes, saltwater intrusion is causing collapse of 
peat soils and elevation loss, creating a positive feedback to 
the driver (the relative sea-level rise rate; Wilson et al. 2019). 
The ecosystem is prone to multiple disturbances including 
fires, cold snaps, droughts, floods, and high-energy storms 
(Davis et  al. 2019). We populated our framework with the 
latter; high-energy storms, including hurricanes represent a 
common disturbance in the Everglades that may determine 
social–ecological vulnerability to the shifting balance of 
fresh and marine water supplies (supplemental figure S3). 
Storms are agents of rapid change through their sustained 
high winds, marine water surges, and extreme rainfall that 
contribute to extensive flooding and change how the land-
scape is hydrologically connected to fresh and marine water 
supplies.

High-energy storms have an immediate impact on system 
properties including defoliation and canopy gaps (Danielson 
et  al. 2017), increased delivery of the limiting nutrient 
phosphorus (Castañeda-Moya et  al. 2010), increased fish 
recruitment (Boucek and Rehage 2013), increased sediment 
elevation through storm surge deposits (Smith et al. 2009), 
and export of soils as organic carbon through estuaries 
(Davis et al. 2004). Longer-term legacies include a reduced 
population age distribution of plants and animals often 
associated with landward recruitment and transgression, 
increased elevation because of the inorganic storm depos-
its, and increased upstream tidal transport of phosphorus 
(Castañeda-Moya et  al. 2010, Barr et  al. 2012, Danielson 
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et al. 2017). These legacies can increase net ecosystem pro-
ductivity, landward expansion, and elevation of highly pro-
ductive mangrove forests, reducing vulnerability to sea-level 
rise and saltwater intrusion via accelerated (Fourqurean and 
Rutten 2004, Ross et al. 2009, Smoak et al. 2013, Jiang et al. 
2014).

High-energy storms increase flooding in urban and 
agricultural regions surrounding the Everglades, particu-
larly during emergency floodwater management. Long-
term water management and restoration are necessary to 
deliver freshwater flows throughout coastal wetlands to 
manage droughts and floods, prevent soil elevation loss, and 
reduce vulnerability to sea-level rise by fostering mangrove 
transgression (Wilson et  al. 2018, Price et  al. 2019). These 
changes may arise through increased public recognition of 
the ecosystem services provided by coastal mangrove forests 
(Jerath et  al. 2016), including sediment, carbon, nutrient 
and water capture, as well as the attenuation of storm surges 
that reduces vulnerability of coastal ecosystems to sea-level 
rise and saltwater intrusion (Armitage et al. 2019, Tully et al. 
2019). Long-term social–ecological feedback loops to tropi-
cal storms that result in net elevation gains are essential to 
building adaptive capacity of coastal ecosystems to rapid 
sea-level rise, a tenet that is testable with continued data col-
lection and predictions of increasing storm intensity in the 
future (Walsh et al. 2016).

Temperate deciduous forest: Hubbard Brook Experimental Forest.  
Disturbance research at Hubbard Brook has taken advantage 
of natural disturbance events such as ice storms, soil freez-
ing events and windstorms and has also involved a series of 
whole-watershed experiments involving removal of vegeta-
tion by forest harvest (supplemental figure S4; Holmes and 
Likens 2016). The earliest experiment (1965) involved felling 
of all vegetation, which was left in place, followed by 3 years 
of herbicide application to inhibit regrowth. This long-term 
study of forest impacts on watershed ecology led to the 
development and advancement of fundamental theoretical 
paradigms in ecology—resilience, state change, and distur-
bance—as well as tested mechanisms of ecosystem-scale of 
recovery that emerge over decades. More recent events have 
included a large ice storm (January 1998) and a series of soil 
freezing events caused by a combination of low snow cover 
and an outbreak of cold air (Mitchell et al. 1996).

The watershed experiments at Hubbard Brook shed light 
on the mechanisms governing ecosystem recovery from 
vegetation removal and on the nature and extent of ecosys-
tem resilience. Ideas about biotic control over the abiotic 
environment, in which the reestablishment of vegetation 
is essential to reducing the hydrologic extremes that drive 
nutrient loss, emerged from the 1965 experiment (Bormann 
and Likens 1979). The 1965 experiment also suggested a 
high capacity for resilience as vegetation, hydrology, and 
nutrient export returned to match reference watersheds 
on “normal” trajectories, despite the extreme nature of the 
treatment (Reiners et al. 2012, Likens 2013). The natural ice 

storm of 1998 supported ideas about biotic control over the 
abiotic environment as increases or decreases in nitrogen 
export were associated with loss or recovery of the forest 
canopy (Houlton et al. 2003). Soil freezing disturbances also 
appear to be expressed through effects on plants, in this case 
by damage to roots that reduces plant uptake and leads to 
increased hydrologic losses of nitrogen (Tierney et al. 2001, 
Cleavitt et al. 2008, Campbell et al. 2014).

The disturbance experiments at Hubbard Brook have had 
significant human dimensions; most specifically in provid-
ing data and guidance for rotation times in forest manage-
ment in the region. More generally, the long-term research 
group at Hubbard Brook functions as a nexus for scientists, 
managers, and stakeholders and to come together to discuss 
long-term change and management issues in the northern 
hardwood forest region (Driscoll et al. 2012).

The response to disturbance has been changing over 
the past 20 years at Hubbard Brook as soil freezing events 
(Judd et al. 2011) and experimental ice storms (Rustad and 
Campbell 2012) no longer appear to induce increases in 
hydrologic losses of nitrogen. These changes appear to be 
linked to a general nitrogen oligotrophication of the eco-
system at Hubbard Brook that may be driven by changes in 
atmospheric nitrogen deposition, increases in soil carbon 
flux associated with increased atmospheric carbon dioxide 
levels and soil deacidification or climate change (Groffman 
et al. 2018).

Desert grassland: Chihuahuan Desert ecosystem. In the American 
Southwest, periodic drought and livestock grazing have been 
part of the landscape for thousands of years (supplemental 
figure S5; Peters et  al. 2015). However, in the northern 
Chihuahuan Desert, human decisions led to livestock over-
grazing in the mid to late 1800s that combined with severe, 
multiyear drought resulting in high grass mortality and low 
herbaceous cover (Herbel and Gibbens 1996, Fredrickson 
et  al. 1998). Shrubs such as honey mesquite that are resis-
tant to grazing and dispersed by livestock expanded during 
and following drought. By the early 1900s, a savanna state 
existed consisting of a mixed grassland with scattered shrubs 
(Giibens et al. 2005). As livestock grazing continued under 
periodic drought in the 1930s and 1950s, shrub expan-
sion and grass loss continued that resulted in broadscale 
conversion of grasslands to shrublands throughout the 
northern Chihuahuan Desert that has persisted to present 
day (Buffington and Herbel 1965, Gibbens et al. 2005). Loss 
of perennial grasses on certain locations was possible with 
informed decisions about stocking rate (Peters et  al. 2006, 
2015). However, after a threshold of shrub and bare cover 
was reached then wind or water erosion became the domi-
nant process that reinforced the competitive advantage of 
shrubs over grasses even if livestock grazing was removed 
(Peters et  al. 2004). This model of grassland versus shru-
bland as alternative states driven by herbivory and drought 
is a broadscale model of desertification based on plant-scale 
processes (Schlesinger et al. 1990).
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More recent studies have enriched this early model 
(modified from Peters et  al. 2011) in two important ways. 
First, landscape-scale variation in woody plant encroach-
ment involves multiple drivers and their mechanisms that 
are variable through time and space to interact with het-
erogeneity in system properties and lead to spatial variation 
in patterns in grass loss (Peters et  al. 2006). Variability in 
precipitation, topography, distance to seed sources, and soil 
properties interact to affect patterns of plant-available water 
and seed availability to result in complex patterns in shrubs 
and grasses across the landscape even if these locations have 
similar disturbance regimes (McAuliffe 1994, Gibbens et al. 
2005, Yao et al. 2006). Second, climatic regimes are chang-
ing to include precipitation pulses in the form of wet periods 
(i.e., sequences of 4–5 wet years) as another form of distur-
bance. These multiyear pulses in precipitation have resulted 
in perennial grass recovery in shrublands and a conversion 
back toward a savanna that is only possible with informed 
grazing management (Peters et al. 2012, Petrie et al. 2018). 
A future reset back to a grassland system may be possible if 
shrubs suffer mortality.

Temperate kelp forest: Santa Barbara coastal. Kelp forests and 
sandy beaches fringing the Southern California coast expe-
rience climate-driven disturbances that may be changing 
in frequency or intensity, such as destructive ocean storms 
and prolonged extreme temperatures (marine heat waves). 
Large storm-driven waves damage and remove the dominant 
foundation species, giant kelp (Macrocystis pyrifera), and 
overwhelm bottom-up (seawater nutrients) and top-down 
(sea urchin herbivory) controls of giant kelp biomass and 
production (supplemental figure S6; Cavanaugh et al. 2011, 
Reed et  al. 2011, Bell et  al. 2015). Long-term experiments 
and community surveys demonstrate that the interannual 
frequency of giant kelp disturbance outweighs year-to-year 
variation in the severity of kelp loss in structuring benthic 
biodiversity (Byrnes et  al. 2011, Castorani et  al. 2018). 
Repeated annual giant kelp loss—as could occur in a future 
with more frequent large storms—is associated with a dou-
bling of smaller understory algae and sessile invertebrates 
but with 30%–61% lower biomass of many fish and shell-
fish (Castorani et  al. 2018), probably because of impaired 
physical ecosystem engineering by giant kelp (Miller et  al. 
2015, 2018). Because large amounts of giant kelp production 
are cast onto shore as wrack, the loss of giant kelp forests 
cascades spatially to reduce organic matter subsidies to 
adjacent sandy beaches, thereby diminishing beach biodi-
versity and ecosystem function (Dugan et  al. 2003, 2011, 
Schooler et al. 2017).

Giant kelp forests thrive in the cool, nutrient rich waters 
and are susceptible to prolonged disturbances arising from 
interannual variation in ocean climate. Between 2014 and 
2016, large-scale ocean warming of unprecedented magni-
tude and duration (Di Lorenzo and Mantua 2016) caused 
monthly ocean temperature anomalies as high as 4.6 degrees 
Celsius in the northeast Pacific Ocean. Although massive 

effects on kelp forests were anticipated, giant kelp and 
most associated taxa did not markedly decline within the 
Santa Barbara region (Reed et  al. 2016). Instead, regional 
giant kelp biomass and most associated species remained 
within ranges observed during cooler years of the 34-year 
time series (Reed et al. 2016, Bell et al. 2017). However, in 
more southerly latitudes where warming was more intense 
and prolonged, several giant kelp populations crashed and 
failed to recover 2 years following the heat wave ended 
(Cavanaugh et  al. 2019). Resilience of giant kelp to this 
exceptional warming was spatially variable, due in part to 
variation in dispersal and recruitment (Cavanaugh et  al. 
2019). The remarkable resilience of many giant kelp popula-
tions is due in part to their functioning as a metapopulation, 
in which neighboring populations rescue failing ones and 
promote recolonization following extirpation (Reed et  al. 
2006, Castorani et  al. 2015, 2017). In Santa Barbara, sea 
urchins (the primary herbivores) and sea stars suffered high 
mortality because of warm-water associated diseases (Reed 
et al. 2016). The lack of consistent declines across the kelp 
forest community highlights the need for a mechanistic 
understanding of the processes that promote ecological 
resistance and resilience in the face of changing disturbance 
regimes. Long-term observations and experiments that 
encompass broad environmental conditions offer the best 
opportunity to understand and predict the future structure 
and function of coastal ecosystems.

Temperate barrier island: Virginia Coast Reserve. High energy 
storms, including nor’easters and hurricanes, are a common 
disturbance to Virginia Coast Reserve (VCR; supplemental 
figure S7). The shallow seaward slope of coastal barrier 
landscapes (typically below 0.1%) makes them particularly 
vulnerable to sea-level rise (i.e., approximately 5.4 milli-
meters per year; NOAA 2019) and storms (e.g., Day et  al. 
2008). Storm frequency has changed along the US Atlantic 
coast over the last century, with approximately 15 extra-
tropical storms per year hitting the Virginia coast (Hayden 
and Hayden 2003). Large storms cause saltwater inunda-
tion, reduction in primary productivity of woody species 
(Johnson and Young 1992, Fernandes et al. 2018), and shore-
line erosion or overwash on barrier islands (e.g., Wolner 
et al. 2013, Brantley et al. 2014, Walters and Kirwan 2016), 
leading to ecosystem state change through redistribution of 
sediment and subsequent changes in elevation or exposure 
(Zinnert et al. 2019). Elevation is an important determinant 
in vegetation cover (Young et  al. 2011, Lentz et  al. 2016), 
and vegetative cover type influences overall barrier island 
response to storms.

In barrier island uplands, vegetation influences sedi-
ment supply transfer processes by trapping and stabilizing 
sand (reviewed in Feagin et al. 2015). Interactions between 
vegetation cover and elevation play an important role in 
influencing sediment movement during a storm (Zinnert 
et al. 2017, Stallins and Corenblit 2018). Dune or swale veg-
etation creates feedback loops with island topography and 
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influences disturbance frequency and severity that interior 
communities experience (Stallins and Parker 2003, Stallins 
2005, Miller et al. 2009). High dune ridges offer resistance 
to storm disturbance and minimize overwash frequency 
(Zinnert et  al. 2019). Dune ridges enable establishment of 
salt sensitive woody vegetation by reducing abiotic distur-
bance (i.e., wind, salinity, overwash) to the interior island 
(Ehrenfeld 1990, Woods et  al. 2019). Woody vegetation 
has been expanding across the VCR over the last 30 years 
because of warming winter temperatures and provides addi-
tional resistance to storm disturbance (Claudino-Sales et al. 
2008, Arkema et al. 2013, US Army Corps of Engineers 2013, 
Zinnert et al. 2019).

Management decisions have preserved the VCR barrier 
islands in a natural state, allowing for possible migration 
with sea-level rise and the opportunity to understand barrier 
island ecological processes in the absence of direct inter-
vention. Although woody expansion provides resistance to 
storm disturbance, over decadal time scales it appears to 
lower barrier island resilience in the VCR (Zinnert et  al. 
2019). By strongly resisting incursions of overwash, areas 
with high foredunes and extensive woody vegetation are 
more likely to block barrier island migration and erode over 
time with sea-level rise and storm events (Zinnert et  al. 
2019). Conversely, areas with lower dune elevation and less 
topographic relief do not support woody vegetation (Woods 
et  al. 2019) and are more susceptible to overwash of sedi-
ments, migration of barrier island upland onto the marsh, 
and subsequent ecosystem state change because of changes 
in elevation (Zinnert et  al. 2019). Long-term observa-
tions have enhanced our understanding of the interactions 
between ecology and physical processes in this coastal envi-
ronment, provided conceptual frameworks that can be used 
to understand disturbance along coastlines, and enhance 
coastal management efforts.

Insights from operationalizing the revised conceptual 

framework

The operationalizing of a refined disturbance conceptual 
framework enabled us to address the three common chal-
lenges associated with disturbance ecology identified above 
and to undertake the four directives outlined by Turner 
(2010) across a wide range of disturbance regimes in 
diverse social–ecological systems. First, long-term ecological 
research has discovered the role of disturbance as a catalyst 
of rapid ecological change by providing baseline data on spa-
tiotemporal dynamics of ecosystems, trajectories of change, 
and a basis of comparison for changing disturbance regimes 
(Kominoski et al. 2018). By disaggregating the disturbance 
processes, we found that ecosystem responses (or shifts) 
are neither fast nor slow (Gunderson and Holling 2002); 
rather, the disturbance process has both faster and slower-
responding components that may positively or negatively 
reinforce predisturbance dynamics or trajectories. Second, 
although our revised conceptual framework consists of 
many boxes and arrows, it distinguishes the effects of prior 

disturbances and their legacies on the effects of a particular 
disturbance event, thus allowing for evaluation of synergistic 
or antagonistic interactions over time and space. The ability 
to understand the role of these legacies will only increase 
with continued long-term data collection and experimental 
manipulations that capture new combinations of event types 
and system properties. Third, our framework explicitly 
integrates humans as both agents of and responders to dis-
turbance. Finally, it recognizes that disturbance effects can 
change as the environment changes by adding a model reset 
or recalibration feedback loop to the system properties on 
which a subsequent disturbance may act. Below, we provide 
examples of how our conceptual framework has informed 
these four challenges.

Disturbance alters ecosystem vulnerability to presses. A common 
line of reasoning is that a disturbance (i.e., a pulse) can 
increase the vulnerability of an ecosystem to other agents 
of environmental change (e.g., other pulses or presses; 
Turner 2010). Although many theories of disturbance rec-
ognize that disturbance is something to which a system or 
organism adapts (i.e., Jentsch and White 2019), very few 
recognize the ability of disturbances to enhance resilience 
or reduce vulnerability. Some of our examples, however, 
showed just that. In the described coastal ecosystems, high 
energy storm disturbance can reduce vulnerability to sea-
level rise. Where and when storms deposit sediments and 
nutrients, particularly behind vegetation traps, elevation 
gains allow for encroachment of salt-resistant and highly 
productive woody species that resist storms and further 
build elevation relative to sea-level rise. In temperate 
forests, canopy disturbance from ice storms or tree fall 
increases light, water, and nutrient availability that fosters 
recovery and does not necessarily create an ecosystem 
state with increased vulnerability to further disturbance. 
By describing disturbance recovery, reorganizational pro-
cesses, and the feedback loops to human decisions and 
actions, we can evaluate the role of complex processes 
that can result in both positive and negative responses and 
feedback loops (even within the same ecosystem) to other 
ongoing social–environmental drivers.

Spatial heterogeneity in disturbance interactions. The Grimm 
and colleagues (2017) framework deliberately character-
ized the disturbance process according to the event itself, 
its effect relative to existing system state or dynamics, and 
social–ecological responses. These three features recognize 
that disturbances are not acting in a vacuum but instead 
on a spatially complex template that has been influenced by 
prior disturbance (Pickett et al. 2017). In our refinement of 
this framework, we describe spatial heterogeneity not only 
as a driver of disturbance outcomes but also as a response. 
From the temperate coniferous forest, we have identified 
how fire effects both depended on and helped to develop the 
patchiness of fuels and forest succession in the landscape, 
although timber harvesting alters those patterns. In our 
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urban ecosystem, the change in regional ability to provide 
an external subsidy (water) strongly decreased the response 
of biodiversity to economic recession at much smaller scales 
of the neighborhood and yard level. In the desert grass-
land, disturbance effects were highly scale dependent, and 
proximity to shrubland or grassland patches determined 
the trajectory of ecosystem structure following a shift in 
precipitation. Similarly, in temperate kelp forests, regional 
variation in physical disturbance interacts with landscape-
scale differences in metapopulation dynamics to determine 
whether a foundation species went locally or regionally 
extinct. The temperate barrier island system evaluated in 
the present article showed how the effect of tropical storms 
on sea-level rise vulnerability was modified by vegetation 
and topographic legacies of prior storms; woody vegetation 
attenuates storm surge sediments, whereas low-elevation 
marshes behind dunes may erode rather than build eleva-
tion after a storm. Spatial heterogeneity was one of the more 
difficult features of the disturbance process to quantify, but 
our multidimensional framework qualitatively depicted its 
importance in ways that motivate landscape-scale empirical, 
experimental, or modeling approaches.

Social–ecological disturbance feedback loops. Although the 
LTER sites incorporated in these case studies represent a 
large range of human–environment interactions, they all 
showed evidence of strong human feedback loops across 
social, ecological, and technological axes. Social factors in 
the urban ecosystem drove ecological responses (i.e., yard 
plant biodiversity) to drought, which in turn influenced local 
socioeconomic resilience to larger-scale economic change. 
Climate and land use change may alter fire frequency in 
temperate coniferous forests, generating management trad-
eoffs between laws relevant to species of special concern 
inhabiting old-growth forest with fire risk management. 
Such tradeoffs are also obvious drivers of storm-disturbance 
effects in South Florida, where decisions to move floodwa-
ter to the ocean via canals to protect urban and agricultural 
lands may threaten endangered species reliant on dry con-
ditions (Pearlstine et al. 2015). In the temperate kelp forest 
system, human-caused climatic changes that may increase 
the frequency, intensity, duration, and extent of marine heat 
waves are likely to impair the resistance of giant kelp to these 
and other disturbances and to affect coastal communities 
that rely on kelp forests for tourism and fisheries. In the 
temperate barrier island system, recognition of mechanisms 
by which storms may increase or decrease vulnerability of 
low-lying areas to future storms depending on vegetation 
cover type may inspire technological or infrastructural 
interventions such as jetties and sediment barriers, green 
infrastructure, or active sediment delivery to offset these 
effects. In the temperate deciduous forest, societal efforts 
to reduce sulfur and nitrogen deposition from the atmo-
sphere, along with increases in atmospheric carbon dioxide 
have had profound effects on soil resources that reduce 
hydrologic losses of nutrients following disturbance (a good 

thing), but may slow vegetation regrowth and biotic control 
of the abiotic environment following disturbance (Groffman 
et al. 2018, Weitzman et al. 2019). The desert grassland sys-
tem framework captured a social system feedback broken 
by ecosystem hysteresis; past mismanagement leading to 
overgrazing increased susceptibility to drought-driven state 
change but hysteresis in the shrubland state prevented return 
to grasslands even when livestock grazing was reduced. 
Future climatic changes that include multiple, sequential 
wet years may have the potential to recover perennial grasses 
under managed livestock grazing and shift the system back 
toward the historic grassland state. Recognition of the pos-
sibility of hysteretic properties of ecosystems is a critical 
component of conveyance of science into adaptive manage-
ment of disturbance.

Interactions of disturbance and rapid global change. Peters and 
colleagues (2011) anticipated that disturbance regimes 
in LTER sites shift with changes in global environmental 
drivers. A research strategy that disaggregates disturbance 
processes may advance our understanding of disturbance-
ecosystem interactions, particularly when conditions fall 
outside the historical range of variability. The case studies 
described in the present article contain disturbance ele-
ments that have no past analogue but from which we have 
gained new insight as follows. The coastal barrier island 
LTER site reviewed is experiencing unprecedented (for the 
period of record) rates of sea-level rise, and this is enhanc-
ing resilience by the sediment-building effects of storms 
in areas with low woody vegetative cover. Although wet 
productive coniferous forests around the Andrews Forest 
do not appear to be a high priority for forest restoration 
intended to reestablish historical fire regimes (DeMeo et al. 
2018), observed and projected increases in area burned 
associated with changing climate could alter the frequency 
of large fires (Davis et al. 2017). In the desert grassland sys-
tem, drought periodicity is changing, and this will interact 
with livestock management to determine the probability of 
the return of grassland ecosystems. In our urban ecosystem, 
socioeconomic factors may alter the effectiveness of yard 
management feedback loops to climate at the local scale. 
Ongoing changes in atmospheric chemistry (nitrogen, 
sulfur, carbon dioxide) will affect both the response to and 
the recovery from disturbance at the temperate deciduous 
forest site. These interpretations of interactions between 
the slower presses of climate change and socioeconomic 
change with event-driven disturbance pulses were aided by 
combining disturbance narratives with graphical models of 
both the changing disturbance regime and the framework 
of disturbance process interactions.

Conclusions

The lack of an operationalizable theoretical framework has 
limited the development of a general and synthetic under-
standing of social–ecological disturbance across diverse 
ecosystems undergoing environmental changes. We refined 
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the conceptual framework for social–ecological disturbance 
offered by Grimm and colleagues (2017) by compartmen-
talizing processes, drivers, and feedback loops across social 
and ecological dimensions. By using the framework to 
depict and describe disturbance processes at seven LTER 
sites, we were able to accommodate both antagonistic 
and synergistic interactions among disturbances, facilitate 
understanding of the role of spatial heterogeneity in driv-
ing disturbance response, underscore the importance of 
feedback loops between social and ecological agents of 
change, and reveal how consequences and drivers of dis-
turbance were likely to change as the environment changes. 
Application of this compartmentalized framework may 
allow users to improve expectations of system vulnerability 
to ongoing environmental changes and better inform man-
agement of vulnerability to disturbance. Application of the 
framework to social–ecological systems that vary in gover-
nance structures (e.g., tribal, democracy, oligarchy, mon-
archy, authoritarian, totalitarian) may provide additional 
insight into the social–ecological feedback loops in the 
framework. In addition, future application of this frame-
work across ecosystems with even longer data series cap-
turing multiple event–ecosystem state interactions, should 
profoundly advance our understanding of social–ecological 
feedback loops to disturbance processes underlying long-
term change.

Acknowledgments

This research was inspired by conversations with scientists who 
attended the 2017 Science Council meeting of the US Long 
Term Ecological Research (LTER) Network sponsored by the 
LTER Network Office funded under Division of Environmental 
Biology (DEB) grant no.  1545288. Additional support was 
provided by the National Science Foundation for the Florida 
Coastal Everglades LTER program (DEB grants no.  1237517 
and no.  1832229), the Urban Sustainability to Extremes 
Sustainability Research Network (SES grant no.  1444755), 
the Virginia Coast Reserve LTER program (DEB grants 
no. 1237733 and no. 1832221), the Central Arizona–Phoenix 
LTER program (DEB grants no.  1637590 and no.  1832016), 
the H. J. Andrews LTER (DEB grant no. 1440409), the Jornada 
Basin LTER program (DEB grants no. 1235828, no. 1440166, 
and no.  1832194), and the Hubbard Brook LTER program 
(DEB grants no. 1114804 and no. 1633026), the Santa Barbara 
Coastal LTER program (OCE 9982105, 0620276, 1232779, and 
1831937) and by US Department of Agriculture Agricultural 
Research Service Current Research Information System projects 
at the Jornada Experimental Range (no. 6235-11210-007). We 
thank Marty Downs of the LTER Network Communications 
Office for providing the publication data used in table 1. We 
also thank our collaborators Julia Jones, Robert Miller, Michael 
Nelson, Dan Reed, and Fred Swanson and four anonymous 
reviewers for helpful feedback that improved this manuscript. 
This is contribution 939 of the Southeast Environmental 
Research Center in the Institute of Environment at Florida 
International University.

Supplemental material

Supplemental data are available at BIOSCI online.

References cited
Arkema KK, Guannel G, Verutes G, Wood SA, Guerry A, Ruckelshaus M, 

Kareiva P, Lacayo M, Silver JM. 2013. Coastal habitats shield people 

and property from sea-level rise and storms. Nature Climate Change 

3: 913–918.

Armitage AR, Weaver CA, Kominoski JS, Pennings SC. 2019. Resistance to 

hurricane effectsvaries among wetland vegetation types in the marsh–

mangrove ecotone. Estuaries and Coasts (art. s12237-019-00577-3).

Barr JG, Engel V, Smith TJ, Fuentes JD. 2012. Hurricane disturbance 

and recovery of energy balance, CO2 fluxes and canopy structure in 

a mangrove forest of the Florida Everglades. Agricultural and Forest 

Meteorology 153: 54–66.

Bell TW, Cavanaugh KC, Reed DC, Siegel DA. 2015. Geographical vari-

ability in the controls of giant kelp biomass dynamics. Journal of 

Biogeography 42: 2010–2021.

Bell TW, Cavanaugh KC, Siegel DC. 2017. SBC LTER: Time series of quar-

terly NetCDF files of kelp biomass in the canopy from Landsat 5, 7 and 

8, 1984–2016 (ongoing). Environmental Data Initiative. 

Bestelmeyer BT, et  al. 2011. Analysis of abrupt transitions in ecological 

systems. Ecosphere 2: 1–26.

Bigelow PE, Benda LE, Miller DJ, Brunett KM. 2007. On debris flows, 

river networks, and the spatial structure of channel morphology. Forest 

Science 53: 220–238.

Boose ER, Foster DR, Fluet M. 1994. Hurricane impacts to tropical and 

temperate forest landscapes. Ecological Monographs 64: 369–400.

Bormann FH, Likens GE. 1979. Pattern and Process in a Forested 

Ecosystem. Springer.

Boucek R, Rehage JS. 2013. No free lunch: displaced marsh consum-

ers regulate a prey subsidy to an estuarine consumer. Oikos 122:  

1453–1464.

Boucek R, Rehage JS. 2014. Climate extremes drive changes in functional 

community structure. Global Change Biology 20: 1821–1831.

Brantley ST, Bissett SN, Young DR, Wolner CWV, Moore LJ. 2014. Barrier 

island morphology and sediment grain size inhibit the recovery of 

dune building grasses following storm induced overwash. PLOS ONE 

9 (art. e0104747).

Brown MJ, Kertis J, Huff MH. 2013. Natural Tree Regeneration and 

Coarse Woody Debris Dynamics After A Forest Fire in the Western 

Cascade Range. Research paper no. PNW-RP-592. US Department of 

Agriculture, Forest Service, Pacific Northwest Research Station.

Buffington LC, Herbel CH. 1965. Vegetational changes on a semides-

ert grassland range from 1858 to 1963. Ecological Monographs 35: 

139–164.

Byrnes JE, Reed DC, Cardinale BJ, Cavanaugh KC, Holbrook SJ, Schmitt RJ. 

2011. Climate‐driven increases in storm frequency simplify kelp forest 

food webs. Global Change Biology 17: 2513–2524.

Campbell JL, Socci AM, Templer PH. 2014. Increased nitrogen leaching 

following soil freezing is due to decreased root uptake in a northern 

hardwood forest. Global Change Biology 20: 2663–2673.

Campbell J, Bernhardt E, Driscoll C, Green M, Likens G, McDowell W, Rosi 

E, Rustad L. 2019. Hubbard Brook Experimental Forest: Chemistry of 

Streamwater: Monthly Volume Weighted Concentrations, Watershed 6, 

1963–Present. Environmental Data Initiative. https://doi.org/10.6073/

pasta/40fc80509809ced0882239369c3cf398. 

Castañeda-Moya E, Twilley RR, Rivera-Monroy VH, Zhang K, Davis SE, 

Ross MS. 2010. Sediment and nutrient deposition associated with 

Hurricane Wilma in mangroves of the Florida Coastal Everglades. 

Estuaries and Coasts 33: 45–58.

Castorani MCN, Reed DC, Miller RJ. 2018. Loss of foundation species: 

Disturbance frequency outweighs severity in structuring kelp forest 

communities. Ecology 99: 2442–2454.

Castorani MCN, Reed DC, Alberto F, Bell TW, Simons RD, Cavanaugh 

KC, Siegel DA, Raimondi PT. 2015. Connectivity structures local 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

s
c
ie

n
c
e
/a

rtic
le

-a
b
s
tra

c
t/7

0
/2

/1
4
1
/5

7
1
4
6
4
0
 b

y
 g

u
e
s
t o

n
 0

5
 M

a
rc

h
 2

0
2
0



Overview Articles

https://academic.oup.com/bioscience  February 2020 / Vol. 70 No. 2 • BioScience   153   

populations dynamics: A long-term empirical test in a large metapopu-

lation system. Ecology 96: 3141–3152.

Castorani MCN, Reed DC, Raimondi PT, Alberto F, Bell TW, Cavanaugh 

KC, Siegel DA, Simons RD. 2017. Fluctuations in population fecun-

dity drive variation in demographic connectivity and metapopulation 

dynamics. Proceedings of the Royal Society B 284: 2016–2086.

Cavanaugh KC, Siegel DA, Reed DC, Dennison PE. 2011. Environmental 

controls of giant-kelp biomass in the Santa Barbara Channel, California. 

Marine Ecology Progress Series 429: 1–17.

Cavanaugh KC, Reed DC, Bell TW, Castorani MCN, Beas-Luna R. 2019. 

Spatial variability in the resistance and resilience of giant kelp in south-

ern and Baja California to a multiyear heatwave. Frontiers in Marine 

Science 6: 413.

Cissel JH, Swanson FJ, Weisberg PJ. 1999. Landscape management using 

historical fire regimes: Blue River, Oregon. Ecological Applications 9: 

1217–1231.

Childers DL, Pickett STA, Grove JM, Ogden L, Whitmer A. 2014. Advancing 

urban sustainability theory and action: Challenges and opportunities. 

Landscape and Urban Planning 125: 320–328.

Childers, DL, Gaiser EE, Ogden LA. 2019. The Coastal Everglades: The 

Dynamics of Social–Ecological Transformation in the South Florida 

Landscape. Oxford University Press.

Claudino-Sales V, Wang P, Horwitz MH. 2008. Factors controlling the sur-

vival of coastal dunes during multiple hurricane impacts in 2004 and 

2005: Santa Rosa barrier island, Florida. Geomorphology 95: 295–315

Cleavitt NL, Fahey TJ, Groffman PM, Hardy JP, Henry KS, Driscoll CT. 

2008. Effects of soil freezing on fine roots in a northern hardwood for-

est. Canadian Journal of Forest Research 38: 82–91.

Collins SL, et al. 2011. An integrated conceptual framework for long-term 

social–ecological research. Frontiers in Ecology and the Environment 

9: 351–357.

Dale VH, Lugo AE, MacMahon JA, Pickett STA. 1998. Ecosystem manage-

ment in the context of large, infrequent disturbances. Ecosystems 1: 

546–557.

Dale VH, et al. 2001. Climate change and forest disturbances. BioScience 

51: 723–734.

Danielson T, Rivera-Monroy VH, Castañeda-Moya E, Briceno HO, Travieso 

R, Marx BD, Gaiser EE, Farfan L. 2017. Assessment of Everglades 

mangrove forest resilience: Implications for above-ground net primary 

productivity and carbon dynamics. Forest Ecology and Management 

404: 115–125.

Davis RJ, Ohmann JL, Kennedy RE, Cohen WB, Gregory MJ, Yang Z, 

Roberts HM, Gray AN, Spies TA. 2015. Northwest Forest Plan: The 

First 20 Years (1994–2013): Status and Trends of Late-Successional and 

Old-Growth Forests. General technical report no. PNW-GTR-9111. US 

Department of Agriculture.

Davis RJ, Yang Z, Yost A, Belongie C, Cohen W. 2017. The normal fire 

environment: Modeling environmental suitability for large forest wild-

fires using past, present, and future climate normal. Forest Ecology and 

Management 390: 173–186.

Davis SE, Cable JE, Childers DL, Coronado-Molina C, Day JW, Hittle CD, 

Madden CJ, Rudnick D, Reyes E, Sklar F. 2004. Importance of episodic 

storm events in controlling ecosystem structure and function in a Gulf 

Coast Estuary. Journal of Coastal Research 20: 1198–1208.

Davis SE, et al. 2019. Exogenous drivers: What has disturbance taught us? 

Pages 162–201 in Childers DL, Gaiser EE, Ogden LA, eds. The Coastal 

Everglades: The Dynamics of Social–Ecological Transformation in the 

South Florida Landscape. Oxford University Press.

Day JW, Christian RR, Boesch DM, Yáñez-Arancibia A, Morris JT, Twilley 

RR, Naylor L, Schaffner L, Stevenson C. 2008. Consequences of climate 

change on the ecogeomorphology of coastal wetlands. Estuaries and 

Coasts 31: 477–491.

DeMeo T, Haugo R, Ringo C, Kertis J, Acker S, Simpson M, Stern M. 2018. 

Expanding our understanding of forest structural restoration needs in 

the Pacific Northwest. Northwest Science 92: 18–35.

Di Lorenzo E, Mantua N. 2016. Multi-year persistence of the 2014/15 North 

Pacific marine heatwave. Nature Climate Change 6: 1042–1047.

Dodds WK, et al. 2012. Surprises and insights from long-term aquatic data 

sets. BioScience 62: 709–721.

Driscoll CT, Lambert KF, Chapin FS, Nowak DJ, Spies TA, Swanson FJ, 

Kittredge DB, Hart CM. 2012. Science and society: The role of long-

term studies in environmental stewardship. BioScience 62: 354–366.

Drummond MA, Loveland TR. 2010. Land-use pressure and a transition to 

forest-cover loss in the eastern United States. BioScience 60: 286–298.

Dugan JE, Hubbard DM, McCrary MD, Pierson MO. 2003. The response 

of macrofauna communities and shorebirds to macrophyte wrack 

subsidies on exposed sandy beaches of southern California. Estuarine, 

Coastal and Shelf Science 58: 25–40.

Dugan JE, Hubbard DM, Page HM, Schimel JP. 2011. Marine macrophyte 

wrack inputs and dissolved nutrients in beach sands. Estuaries and 

Coasts 34: 839–850.

Ehrenfeld JG. 1990. Dynamics and processes of barrier island vegetation. 

Reviews in Aquatic Sciences 2: 437–480.

Ellison AM, et al. 2005. Loss of foundation species: Consequences for the 

structure and dynamics of forested ecosystems. Frontiers in Ecology 

and the Environment 3: 479–486.

Feagin RA, Figlus J, Zinnert JC, Sigren J, Martinez ML, Silva R, Smith WK, 

Cox D, Young DR, Carter G. 2015. Going with the flow or against the 

grain? The promise of vegetation for protecting beaches, dunes, and 

barrier islands from erosion. Frontiers in Ecology and the Environment 

13: 203–210.

Fernandes A, Rollinson CR, Kearney WS, Dietze MC, Fagherazzi S. 2018. 

Declining Radial Growth Response of Coastal Forests to Hurricanes and 

Nor’easters. Journal of Geophysical Research: Biogeosciences 123: 832–849.

Foster D, Swanson F, Aber J, Burke I, Brokaw N, Tilman D, Knapp A. 2003. 

The importance of land-use legacies to ecology and conservation. 

BioScience 53: 77–88.

Fourqurean JW, Rutten LM. 2004. The impact of Hurricane Georges on 

soft-bottom, backreef communities: Site- and species-specific effects 

in south Florida seagrass beds. Bulletin of Marine Science 75: 239–257.

Franklin J, Serra-Diaz JM, Syphard AD, Regan HM. 2016. Global change 

and terrestrial plant community dynamics. Proceedings of the National 

Academy of Sciences 113: 3725–3734.

Fredrickson E, Haversustad KM, Estel R. 1998. Perspectives on desertifica-

tion: South-western United States. Journal of Arid Environments 39: 

191–207.

Freund JA, Franklin JF, Larson AJ, Lutz JA. 2014. Multi-decadal establish-

ment for single-cohort Douglas-fir forests. Canadian Journal of Forest 

Research 44: 1068–1078.

Gholz HL, Marinelli R, Taylor PR. 2016. Reflections on LTER from NSF 

program directors’ perspectives. Pages 43–51 in Willig MR, Walker LR, 

eds. Long-Term Ecological Research: Changing the Nature of Scientists. 

Oxford University Press.

Gibbens RP, Mcneely R, Haversustad K, Beck RF, Nolen B. 2005. Vegetation 

changes in the Jornada Basin from 1858 to 1998. Journal of Arid 

Environments 61: 651–688.

Grimm NB, Fisher SG. 1989. Stability of periphyton and macroinvertebrates 

to disturbance by flash floods in a desert stream. Journal of the North 

American Benthological Society 8: 293–307.

Grimm NB, Pickett STA, Hale RL, Cadenasso ML. 2017. Does the ecological 

concept of disturbance have utility in urban social–ecological–techno-

logical systems? Ecosystem Health and Sustainability 3 (art. e01255).

Groffman PM, et  al. 2018. Nitrogen oligotrophication in northern hard-

wood forests. Biogeochemistry 141: 123–129.

Gunderson LH, Holling CS. editors. 2002. Panarchy: Understanding 

Transformations in Human and Natural Systems. Island Press.

Harmon ME, Pabst RJ. 2019. The long-term effects of wind disturbance on 

a sitka spruce-western hemlock forest. Forests 10: 119.

Harris TC. 2018. Understanding Patterns of Timber Harvest and their 

Drivers: A Quantitative Assessment of Forest Governance in the 

Western Cascades of Oregon. Master’s thesis, Oregon State University.

Hayden BP, Hayden NR. 2003. Decadal and century-long storminess 

changes at long term ecological research sites. Pages 262–285 in 

Greenland D, Goodin DG, Smith RC, eds. Climate Variability and 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

s
c
ie

n
c
e
/a

rtic
le

-a
b
s
tra

c
t/7

0
/2

/1
4
1
/5

7
1
4
6
4
0
 b

y
 g

u
e
s
t o

n
 0

5
 M

a
rc

h
 2

0
2
0



Overview Articles

154   BioScience • February 2020 / Vol. 70 No. 2 https://academic.oup.com/bioscience

Ecosystem Response at Long Term Ecological Research Sites. Oxford 

University Press.

Herbel CH, Gibbens RP. 1996. Post-Drought Vegetation Dynamics on Arid 

Rangelands of Southern New Mexico. New Mexico State University. 

Agricultural Experiment Station Bulletin no. 776.

Holmes RT, Likens GE. 2016. Hubbard Brook: The Story of a Forest 

Ecosystem. Yale University Press.

Hope D, Gries C, Zhu WX, Fagan WF, Redman CL, Grimm NB, Nelson AL, 

Martin C, Kinzig A. 2003. Socioeconomics drive urban plant diversity. 

Proceedings of the National Academy of Sciences 100: 8788–8792.

Houlton BZ, Driscoll CT, Fahey TJ, Likens GE, Groffman PM, Bernhardt 

ES, Buso DC. 2003. Nitrogen dynamics in ice storm-damaged forest 

ecosystems: Implications for nitrogen limitation theory. Ecosystems 6: 

431–443.

[IPCC] Intergovernmental Panel on Climate Change. 2014. Climate Change 

2014: Synthesis Report. IPCC.

Jentsch A, White P. 2019. A theory of pulse dynamics and disturbance in 

ecology. Ecology 100: 1–15.

Jerath M, Bhat M, Rivera-Monroy VH, Castañeda-Moya E, Simard M, Twilley 

RR. 2016. The role of economic, policy, and ecological factors in estimat-

ing the value of carbon stocks in Everglades mangrove forests, South 

Florida, USA. Environmental Science and Policy Journal 66: 160–169.

Jiang J, DeAngelis DL, Anderson G, Smith TJ. 2014. Analysis and simula-

tion of propagule dispersal and salinity intrusion from storm surge 

on the movement of a marsh–mangrove ecotone in South Florida. 

Estuaries and Coasts 37: 24–35.

Johnson S, Young DR. 1992. Variation in tree ring width in relation to storm 

activity for mid-Atlantic barrier island populations of Pinus taeda. 

Journal of Coastal Research 8: 99–104.

Johnson SL, Swanson FJ, Grant GE, Wondzell SM. 2000. Riparian forest 

disturbances by a mountain flood: The influence of floated wood. 

Hydrological Processes 14: 3031–3050.

Johnstone JF, et al. 2016. Changing disturbance regimes, ecological mem-

ory, and forest resilience. Frontiers in Ecology and the Environment 

14: 369– 378.

Judd K, Likens G, Buso D, Bailey A. 2011. Minimal response in watershed 

nitrate export to severe soil frost raises questions about nutrient dynamics 

in the Hubbard Brook experimental forest. Biogeochemistry 106: 443–459.

Kinzig AP, Warren P, Martin C, Hope D, Katti M. 2005. The effects of 

human socioeconomic status and cultural characteristics on urban pat-

terns of biodiversity. Ecology and Society 10: 23.

Kominoski JS, Gaiser EE, Baer SG. 2018. Advancing theories of ecosystem 

development through long-term ecological research. BioScience 68: 

554–562.

Knapp AK, et al. 2012. Past, present, and future roles of long-term experi-

ments in the LTER Network. BioScience 62: 377–389.

Kranabetter JM, et  al. 2016. A framework to assess ecosystem biogeo-

chemical response to disturbance using nutrient partitioning ratios. 

Ecosystems 19: 387–395.

Kulakowski D, Matthews C, Jarvis D, Veblen TT. 2013. Compounded dis-

turbances in sub-alpine forests in western Colorado favour future domi-

nance by quaking aspen (Populus tremuloides). Journal of Vegetation 

Science 24: 168–176.

Larson KL, Casagrande D, Harlan SL, Yabiku ST. 2009. Residents’ yard 

choices and rationales in a desert city: Social priorities, ecologi-

cal impacts, and decision tradeoffs. Environmental Management 44: 

921–937.

Lentz EE, Thieler ER, Plant NG, Stippa SR, Horton RM, Gesch DB. 2016. 

Evaluation of dynamic coastal response to sea-level rise modifies inun-

dation likelihood. Nature Climate Change 6: 696–701.

Likens GE. 1989. Long-Term Studies in Ecology: Approaches and 

Alternatives. Springer.

Likens GE. 2013. Biogeochemistry of a Forested Ecosystem, 3rd ed. 

Springer.

Lindenmayer DB, Likens GE, Franklin JF. 2010. Rapid responses to facilitate 

ecological discoveries from major disturbances. Frontiers in Ecology 

and the Environment 8: 527–532.

Lucash MS, Scheller RM, Sturtevant BR, Gustafson EJ, Kretchun AM, Foster 

JR. 2018. More than the sum of its parts: How disturbance interactions 

shape forest dynamics under climate change. Ecosphere 9: e02293.

Machlis GE, Force JE, Burch WR, Jr. 1997. The human ecosystem, part I: 

The human ecosystem as an organizing concept in ecosystem manage-

ment. Society and Natural Resources 10: 347–367.

Martin CA, Warren PS, Kinzig AP. 2004. Neighborhood socioeconomic sta-

tus is a useful predictor of perennial landscape vegetation in residential 

neighborhoods and embedded small parks of Phoenix, AZ. Landscape 

and Urban Planning 69: 355–368.

McAuliffe JR. 1994. Landscape evolution, soil formation, and ecologi-

cal patterns and processes in Sonoran Desert bajadas. Ecological 

Monographs 64: 111–148.

McDonnell MJ, Pickett STA. 1993. Humans as Components of Ecosystems: 

The Ecology of Subtle Human Effects and Populated Areas. Springer.

McGlathery KJ, Reynolds LK, Cole LW, Orth RJ, Marion SR, Schwarzschild 

A. 2012. Recovery trajectories during state change from bare sediment 

to eelgrass dominance. Marine Ecology Progress Series 448: 209–221.

Miller RJ, Page HM, Reed DC. 2015. Trophic versus structural effects of a 

marine foundation species, giant kelp (Macrocystis pyrifera). Oecologia 

179: 1199–1209.

Miller RJ, Lafferty KD, Lamy T, Kui L, Rassweiler A, Reed DC. 2018. Giant 

kelp, Macrocystis pyrifera, increases faunal diversity through physical 

engineering. Proceedings of the Royal Society B 285: 20172571.

Miller TE, Gornish ES, Buckley HL. 2009. Climate and coastal dune 

vegetation: Disturbance, recovery, and succession. Plant Ecology 206:  

97–104.

Mitchell MJ, Driscoll CT, Kahl JS, Likens GE, Murdoch PS, Pardo LH. 

1996. Climatic control of nitrate loss from forested watersheds in the 

northeast United States. Environmental Science and Technology 30: 

2609–2612.

Moorhead DL, and colleagues (1999). Ecological legacies: Impacts on eco-

systems of the McMurdo Dry Valleys. BioScience 49: 1009–1019.

Morrison PH, Swanson FJ. 1990. Fire history and pattern in a Cascade Range 

landscape. General technical report no. PNW-GTR-254. US Department 

of Agriculture, Forest Service, Pacific Northwest Research Station.

Newman EA. 2019. Disturbance Ecology in the Anthropocene. Frontiers in 

Ecology and Evolution 7 (art. 147).

Niu X, Duiker S. 2006. Carbon sequesteration potential by afforestation of 

marginal agricultural land in the Midwestern US Forest Ecology and 

Management 223: 415–427.

[NOAA]  National Oceanic and Atmospheric Association. 2019. Sea Level 

Trends: Wachapreague, VA. NOAA. https://tidesandcurrents.noaa.gov/

sltrends/sltrends.html. 

Pearlstine L, Lo Galbo A, Reynolds G, Parsons JH, Dean T, Alvarado M, 

Suir K. 2015. Recurrence intervals of spatially simulated hydrologic 

metrics for restoration of Cape Sable seaside sparrow (Ammodramus 

maritimus mirabilis) habitat. Ecological Indicators 60: 1252–1262.

Peters DPC, Pielke RA, Bestelmeyer BT, Allen CD, Munson-McGee S, 

Haversustad KM. 2004. Cross-scale interactions, nonlinearities, and 

forecasting catastrophic events. Proceedings of the National Academy 

of Sciences 101: 15130–15135.

Peters DPC, et  al. 2006. Disentangling complex landscapes: New insights 

to forecasting arid and semi-arid system dynamics. BioScience 56: 

491–501.

Peters DPC, Lugo AE, Chapin FS, Pickett STA, Duniway M, Rocha AV, 

Swanson FJ, Laney C, Jones J. 2011. Cross-system comparisons elucidate 

disturbance complexities and generalities. Ecosphere 2: 1–26.

Peters DPC, Yao J, Sala OE, Anderson J. 2012. Directional climate change 

and potential reversal of desertification in arid and semiarid ecosys-

tems. Global Change Biology 18: 151–163.

Peters DPC, Haversustad KM, Archer SR, Sala OE. 2015. Beyond desertifi-

cation: New paradigms for dryland landscapes. Frontiers in Ecology and 

the Environment 13: 4–12.

Peters DPC, et  al. 2018. An integrated view of complex landscapes: A 

big data-model integration approach to transdisciplinary science. 

BioScience 68: 653–669.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

s
c
ie

n
c
e
/a

rtic
le

-a
b
s
tra

c
t/7

0
/2

/1
4
1
/5

7
1
4
6
4
0
 b

y
 g

u
e
s
t o

n
 0

5
 M

a
rc

h
 2

0
2
0



Overview Articles

https://academic.oup.com/bioscience  February 2020 / Vol. 70 No. 2 • BioScience   155   

Petrie MD, et al. 2018. Regional grassland productivity responses to pre-

cipitation during multiyear above- and below-average rainfall periods. 

Global Change Biology 24: 1935–1951.

Pickett STA, White PS. 1985. The Ecology of Natural Disturbance and Patch 

Dynamics. Academic Press.

Pickett STA, Kolasa J, Armesto JJ, Collins SL. 1989. The ecological concept 

of disturbance and its expression at various hierarchical levels. Oikos 

54: 129–136.

Pickett STA, Burch WR Jr, Dalton SE, Foresman TW, Grove JM, Rowntree 

R. 1997. A conceptual framework for the study of human ecosystems in 

urban areas. Urban Ecosystems 1: 185–199.

Pickett STA, Wu J, Cadenasso ML. 1999. Patch dynamics and the ecology 

of disturbed ground. Pages 707–722 in Walker LR, ed. Ecosystems of 

Disturbed Ground. Springer.

Pickett STA, Cadenasso ML. 2009. Altered resources, disturbance, and 

heterogeneity: A framework for comparing urban and non-urban soils. 

Urban Ecosystems 12: 23–44.

Pickett STA, et al. 2017. Dynamic heterogeneity: A framework to promote 

ecological integration and hypothesis generation in urban systems. 

Urban Ecosystems 20: 1–14.

Price RM, et  al. 2019. Water, sustainability, and survival. Pages 34–70 in 

Childers DL, Gaiser EE, Ogden LA, eds. The Coastal Everglades: The 

Dynamics of Social–ecological Transformation in the South Florida 

Landscape. Oxford University Press.

Rasmussen MC, Ripple WJ. 1998. Retrospective analysis of forest landscape 

patterns in western Oregon. Natural Areas Journal 18: 151–163.

Ratajczak Z, Carpenter SR, Ives AR, Kucharik CJ, Ramiadantsoa T, 

Stegner MA, Williams JW, Zhang J, Turner MG. 2018. Abrupt change 

in ecological systems: Inference and diagnosis. Trends in Ecology and 

Evolution 33: 513–526.

Reed DC, Kinlan BP, Raimondi PT, Washburn L, Gaylord B, Drake PT. 

2006. A metapopulation perspective on the patch dynamics of giant kelp 

in southern California. Pages 353–386 in Kritzer JP, Sale PF, eds. Marine 

metapopulations. Academic Press.

Reed DC, Rassweiler A, Carr MH, Cavanaugh KC, Malone DP, Siegel 

DA. 2011. Wave disturbance overwhelms top‐down and bottom‐up 

control of primary production in California kelp forests. Ecology 92:  

2108–2116.

Reed DC, Washburn L, Rassweiler A, Miller R, Bell TW, Harrer S. 2016. 

Extreme warming challenges sentinel status of kelp forests as indicators 

of climate change. Nature Communications 7: 13757.

Reilly MJ, Dunn CJ, Meigs GW, Spies TA, Kennedy RE, Bailey JD, Briggs K. 

2017. Contemporary patters of fire extent and severity in forests of the 

Pacific Northwest, USA (1985–2010). Ecosphere 8: e01695.

Reiners W, Driese K, Fahey T, Gerow K. 2012. Effects of three years of 

regrowth inhibition on the resilience of a clear-cut northern hardwood 

forest. Ecosystems 15: 1351–1362.

Ripple WJ, Beschta RL. 2003. Wolf reintroduction, predation risk, and cot-

tonwood recovery in Yellowstone National Park. Forest Ecology and 

Management 184: 299–313.

Ripplinger J, Franklin J, Collins SL. 2016. When the economic engine stalls: 

A multi-scale comparison of vegetation dynamics in pre- and post-

recession Phoenix, Arizona, USA. Landscape and Urban Planning 153: 

140–148.

Ripplinger J, Collins SL, York AM, Franklin J. 2017. Boom–bust econom-

ics and vegetation dynamics in a desert city: How strong is the link? 

Ecosphere 8: e01826.

Ross MS, O’Brien JJ, Ford G, Zhang K, Morkill A. 2009. Disturbance and 

the rising tide: The challenge of biodiversity management on low-island 

ecosystems. Frontiers in Ecology and the Environment 7: 471–478.

Rustad LE, Campbell JL. 2012. A novel ice storm manipulation experiment 

in a northern hardwood forest. Canadian Journal of Forest Research 

42: 1810–1818.

Sasaki T, Furukawa T, Iwasaki Y, Seto M, Mori AS. 2015. Perspectives for 

ecosystem management based on ecosystem resilience and ecological 

thresholds against multiple and stochastic disturbances. Ecological 

Indicators 57: 395–408.

Schlesinger WH, Reynolds JF, Cunningham GL, Huenneke LF, Jarrell 

WM, Virginia RA, Whitford WG. 1990. Biological feedbacks in global 

desertification. Science 247: 1043–1048.

Schooler NK, Dugan JE, Hubbard DM, Straughan D. 2017. Local scale 

processes drive long‐term change in biodiversity of sandy beach ecosys-

tems. Ecology and Evolution 7: 4822–4834.

Seidl R, Rammer W, Spies TA. 2014. Disturbance legacies increase the 

resilience of forest ecosystem structure, composition, and functioning. 

Ecological Applications 24: 2063–2077.

Smith TJ, Anderson G, Balentine K, Tiling G, Ward GA, Whelan K. 

2009. Cumulative impacts of Hurricanes on Florida mangrove ecosys-

tems: Sediment deposition, storm surges and vegetation. Wetlands 29:  

24–34.

Smoak JM, Breithaupt JL, Smith TJ, Sanders CJ. 2013. Sediment accretion 

and organic carbon burial relative to sea-level rise and storm events 

in two mangrove forests in Everglades National Park. Catena 104:  

58–66.

Spies TA, Giesen TW, Swanson FJ, Franklin JF, Lach D, Johnson KN. 2010. 

Climate change adaptation strategies for federal forest of the Pacific 

Northwest, USA: Ecological, policy, and socio-economic perspectives. 

Landscape Ecology 25: 1185–1199.

Stallins JA. 2005. Stability domains in barrier island dune systems. Ecological 

Complexity 2: 410–430.

Stallins JA, Parker AJ 2003, The influence of complex systems interactions 

on barrier island dune vegetation patterns and process, Annals of the 

Association of American Geographers 93: 13–29.

Stallins JA, Cornblit D. 2018. Interdependence of geomorphic and ecologic 

resilience properties in a geographic context. Geomorphology 305: 

76–93.

Sukopp H. 1990. Urban ecology and its application. Pages 1–22 in Sukopp 

H, Hejny S, Kowarik I, eds. Europe in Urban Ecology: Plants and Plant 

Communities in Urban Environments SPB. Academic Publishers.

Teensma PDA. 1987. Fire History and Fire Regimes of The Central Western 

Cascades Of Oregon. PhD dissertation, University of Oregon.

Tepley AJ, Swanson FJ, Spies TA. 2013. Fire-mediated pathways of stand 

development in Douglas-fir/western hemlock forests of the Pacific 

Northwest, USA. Ecology 94: 1729–1743.

Tepley AJ, Swanson FJ, Spies TA. 2014. Post-fire tree establishment and 

early cohort development in conifer forests of the western Cascades of 

Oregon, USA. Ecosphere 5: 80.

Tepley AJ, Thompson JR, Epstein HE, Anderson-Teixeira KJ. 2017. 

Vulnerability to forest loss through altered postfire recovery dynam-

ics in a warming climate in the Klamath Mountains. Global Change 

Biology 23: 4117–4132.

Tierney GL, Fahey TJ, Groffman PM, Hardy JP, Fitzhugh RD, Driscoll CT. 

2001. Soil freezing alters fine root dynamics in a northern hardwood 

forest. Biogeochemistry 56: 175–190.

Tully K, et al. 2019. The invisible flood: The chemistry, ecology, and social 

implications of coastal saltwater intrusion. BioScience 69: 368–378.

Turner MG, Collins SL, Lugo AL, Magnuson JJ, Rupp TS, Swanson FJ. 2003. 

Disturbance dynamics and ecological response: The contribution of 

long-term ecological research. BioScience 53: 46–56.

Turner MG. 2010. Disturbance and landscape dynamics in a changing 

world. Ecology 91: 2833–3849.

Turner DP, Ritts WD, Kennedy RE, Gray AN, Yang Z. 2016. Regional 

carbon cycle responses to 25 years of variation in climate and distur-

bance in the US Pacific Northwest. Regional Environmental Change 

16: 2345–2355.

Ummenhofer CC, Meehl GA. 2017. Extreme weather and climate events 

with ecological relevance: A review. Philosophical Transactions of the 

Royal Society B 372 (artl 20160135).

US Army Corps of Engineers. 2013. Coastal Risk Reduction and Resilience. 

US Army Corps of Engineers Civil Works Directorate.

Walsh KE, et  al. 2016. Tropical cyclones and climate change. Climate 

Change 7: 65–89.

Walter RC, Merritts DJ. 2008. Natural streams and the legacy of water-

powered mills. Science 319: 299–304.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

s
c
ie

n
c
e
/a

rtic
le

-a
b
s
tra

c
t/7

0
/2

/1
4
1
/5

7
1
4
6
4
0
 b

y
 g

u
e
s
t o

n
 0

5
 M

a
rc

h
 2

0
2
0



Overview Articles

156   BioScience • February 2020 / Vol. 70 No. 2 https://academic.oup.com/bioscience

Walters DC, Kirwan ML. 2016. Optimal hurricane overwash thickness for 

maximizing marsh resilience to sea level rise. Ecology and Evolution 6: 

2948–2956.

Weisberg PJ, Swanson FJ. 2003. Regional synchroneity in fire regimes 

of western Oregon and Washington, USA. Forest Ecology and 

Management 172: 17–28.

Weitzman JN, Groffman PM, Campbell JL, Driscoll CT, Fahey RT, Schaberg 

PG, Hawley GJ, Rustad LE. 2019. Ecosystem nitrogen response to a simu-

lated ice storm in a northern hardwood forest. Ecosystems (art. s10021-

019-00463-w). https://doi.org/10.1007/s10021-019-00463-w.

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW. 2006. Warming and 

earlier spring increase western US Forest wildfire activity. Science 313: 

940–943.

Wilson BJ, Servais S, Charles SP, Davis SE, Gaiser EE, Kominoski J, Richards 

JH, Troxler T. 2018. Declines in plant productivity drive carbon loss 

from brackish coastal wetland mesocosms exposed to saltwater intru-

sion. Estuaries and Coasts 41: 2147–2158.

Wilson BJ, Servais S, Charles SP, Mazzei V, Gaiser EE, Kominoski J, 

Richards JH, Troxler T. 2019. Phosphorus alleviation of salinity stress: 

Effects of saltwater intrusion on an Everglades freshwater peat marsh. 

Ecology 100: e02672.

Wolner CV, Moore LJ, Young DR, Brantley ST, Bissett SN, McBride RA. 

2013. Ecomorphodynamic feedbacks and barrier island response to 

disturbance: Insights from the Virginia Barrier Islands, Mid-Atlantic 

Bight, USA. Geomorphology 199: 115–128.

Wolter K, Timlin MS. 2011. El Niño/Southern Oscillation behaviour since 

1871 as diagnosed in an extended multivariate ENSO index (MEI.ext). 

International Journal of Climatology 31: 1074–1087.

Woods NN, Dows BL, Goldstein EB, Moore LJ, Young DR, Zinnert JC. 2019. 

Interaction of seed dispersal and environmental filtering affect woody 

encroachment patterns in coastal grassland. Ecosphere 10: e02818.

Yao J, Peters DPC, Haversustad KM, Gibbens RP, Herrick JE. 2006. 

Multiscale factors and long-term responses of Chihuahuan Desert 

grasses to drought. Landscape Ecology 21: 1217–1231.

Yao Q, Liu KB. 2017. Dynamics of marsh–mangrove ecotone since the 

mid-Holocene: A palynological study of mangrove encroachment 

and sea level rise in the Shark River Estuary, Florida. PLOS ONE 12 

(art. e0173670).

York AM, et al. 2011. Land fragmentation under rapid urbanization: A cross-

site analysis of Southwestern cities. Urban Ecosystems 14: 429–455.

Young DR, Brantley ST, Naumann JC, Vick JK. 2011. Landscape posi-

tion and habitat polygons in a dynamic coastal barrier environment. 

Ecosphere 2: 1–15.

Zald HSJ, Dunn CJ. 2018. Severe fire weather and intensive forest manage-

ment increase fire severity in a multi-ownership landscape. Ecological 

Applications 28: 1068–1080.

Zald HSJ, Spies TA, Seidl R, Pabst RJ, Olsen KA, Steel EA. 2016. Complex 

mountain terrain and disturbance history drive variation in forest 

aboveground live carbon density in the western Oregon Cascades, USA. 

Forest Ecology and Management 366: 193–207.

Zinnert JC, Stallins JA, Brantley ST, Young DR. 2017. Crossing scales: 

Complexity of barrier island processes for predicting future change. 

BioScience 67: 39–52.

Zinnert JC, Via SM, Nettleton BP, Tuley PA, Moore LJ, Stallins JA. 2019. 

Connectivity in coastal systems: Barrier island vegetation influences 

upland migration in a changing climate. Global Change Biology 25: 

2419–2430.

Evelyn E. Gaiser (gaisere@fiu.edu) and John S. Kominoski are affiliated with 

the Department of Biological Sciences and the Institute of Environment at 

Florida International University, in Miami, Florida. David M. Bell is affili-

ated with the Pacific Northwest Research Station, under the US Department 

of Agriculture Forest Service, in Corvallis, Oregon. Max C. N. Castorani is 

affiliated with the Department of Environmental Sciences at the University 

of Virginia, in Charlottesville, Virginia. Daniel L. Childers is affiliated with 

the School of Sustainability at Arizona State University, in Tempe, Arizona. 

Peter M. Groffman is affiliated with City University of New York’s Advanced 

Science Research Center at the Graduate Center, in New York, New York, 

and with the Cary Institute of Ecosystem Studies, in Millbrook, New York. 

Rhett Jackson is affiliated with the Warnell School of Forestry and Natural 

Resources, at the University of Georgia, in Athens, Georgia. Debra P. C. Peters 

is affiliated with the US Department of Agriculture Agricultural Research 

Service’s Jornada Experimental Range and Jornada Basin LTER Program, 

at New Mexico State University, in Las Cruces, New Mexico. Steward T. A. 

Pickett is affiliated with the Cary Institute of Ecosystem Studies, in Millbrook, 

New York. Julie Ripplinger is affiliated with the Department of Botany and 

Plant Sciences at the University of California—Riverside, in Riverside, 

California. Julie C. Zinnert is affiliated with the Department of Biology at 

Virginia Commonwealth University, in Richmond, Virginia.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

s
c
ie

n
c
e
/a

rtic
le

-a
b
s
tra

c
t/7

0
/2

/1
4
1
/5

7
1
4
6
4
0
 b

y
 g

u
e
s
t o

n
 0

5
 M

a
rc

h
 2

0
2
0


